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►  Fully  nanostructured  high  charge 
capacity  materials. 

►  Charge— discharge  over  700  times 
without  charge  capacity  loss. 

►  First  stable  alpha-nickel  hydroxide 
nanomaterials. 
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Improving  the  charge  capacity,  electrochemical  reversibility  and  stability  of  anode  materials  are  main 
challenges  for  the  development  of  Ni-based  rechargeable  batteries  and  devices.  The  combination  of 
cobalt,  as  additive,  and  electrode  material  nanostructuration  revealed  a  very  promising  approach  for  this 
purpose.  The  new  a-NiCo  mixed  hydroxide  based  electrodes  exhibited  high  specific  charge/discharge 
capacity  (355—714  C  g-1)  and  outstanding  structural  stability,  withstanding  up  to  700  redox  cycles 
without  any  significant  phase  transformation,  as  confirmed  by  cyclic  voltammetry,  electrochemical 
quartz  crystal  microbalance  and  X-ray  diffractometry.  In  short,  the  nanostructured  a-NiCo  mixed 
hydroxide  materials  possess  superior  electrochemical  properties  and  stability,  being  strong  candidates 
for  application  in  high  performance  batteries  and  devices. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nickel  hydroxides  have  been  explored  as  electroactive  materials 
of  sensors  [1—6],  electrochromic  devices  [7]  and  rechargeable 
batteries  [8,9].  Many  efforts  have  been  directed  to  improve  the 
conductivity  and  reversibility  of  the  charge/discharge  processes, 
and  to  enhance  the  specific  charge  capacity  by  incorporation  of 
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transition  and  non-transition  metal  ions  as  additives  (Al,  Zn,  Cd,  Co 
and  Mn),  [10-16]  or  by  generating  nanomaterials.  Another  possi¬ 
bility  is  by  stabilizing  and  using  the  alpha-Ni(OH)2  (a  <-►  y, 
433  mA  h  g^1)  instead  of  the  conventional  beta  ((3  <-►  (3, 
289  mA  h  g-1)  polymorph,  because  of  its  superior  electrochemical 
properties  [17,18]. 

The  addition  of  Co  ions  to  Ni  hydroxide  electrodes  is  known  to 
have  beneficial  effects,  reducing  the  mechanical  stress  during 
charge/discharge  processes,  thus  preventing  electrode  failure,  and 
increasing  the  charge  density  [19,20].  However,  the  absence  of  the 
characteristic  cobalt  waves  in  the  mixed  NiCo  hydroxides 
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voltammograms  strengthened  the  hypothesis  that  only  nickel  is 
electrochemically  active.  Accordingly,  the  enhanced  charge 
capacity  [21  ]  of  mixed  hydroxide  materials  was  assigned  to  a  higher 
conductivity  and  activation  of  more  nickel  sites  rather  than  to 
contributions  of  cobalt  sites  [22].  For  example,  Kim  et  al.  [23] 
showed  that  the  a-phase  material  obtained  by  co-precipitation  of 
10.2%  of  cobalt(II)  hydroxide  with  nickel(II)  hydroxide  was  totally 
converted  to  the  p-phase  after  60  consecutive  redox  cycles,  but  the 
material  containing  16.7%  of  cobalt  was  more  stabilized.  Similar 
results  were  described  by  Zhao  et  al.  [24]  by  homogeneous  co¬ 
precipitation  of  16.8  and  19.5%  of  aluminium  hydroxide  by  the 
urea  method. 

The  specific  charge  capacity  of  p-Ni(OH)2/Ni-foam  electrodes  is 
275  mA  h  g-1,  lower  than  of  p-Ni(OH)2  nanotubes  (315  mA  h  g-1), 
but  higher  than  that  of  nanosheets  (219.5  mA  h  g-1),  commercial 
micrometer  grade  spherical  powders  (265  mA  h  g_1)  and  micro¬ 
tubes  (232.4  mA  h  g-1)  [28].  New  routes  for  preparation  of  alpha 
nickel  hydroxide  nanomaterials,  showing  enhanced  electro¬ 
chemical  properties  and  specific  charge  capacity,  have  also  been 
reported  [7,25-27]  but  none  was  stable  enough  for  practical 
application. 

Recently  we  showed  that  nanostructured  materials  prepared 
with  a-Ni(OH)2  nanoparticles  can  be  stabilized  [29,30],  keeping  the 
performance  for  at  least  200  consecutives  electrochemical  cycles. 
In  this  report  we  demonstrate  that  the  combination  of  the  two 
strategies,  more  specifically,  cobalt  additivation  and  nano¬ 
structuration,  can  further  enhance  the  stability  of  alpha  nickel 
hydroxide,  resulting  in  more  robust  materials  for  application  in 
batteries  and  other  devices.  In  special,  we  disclose  the  electro¬ 
chemical  properties  of  nanostructured  materials  prepared  from 
sol-gel  nickel/cobalt  mixed  hydroxide  nanoparticle  precursors, 
exhibiting  high  specific  charge  capacity  (up  to  714  C  g-1)  and 
stability  in  the  a-phase  (over  700  cycles). 


2.  Materials  and  methods 

All  reagents  and  solvents  were  of  analytical  grade  and  used  as 
received.  Isopropyl  alcohol,  n-butyl  alcohol  and  potassium 
hydroxide  were  purchased  from  Synth.  Anhydrous  glycerin  was 
purchased  from  Sigma-Aldrich,  whereas  nickel  acetate  tetrahy- 
drate  and  cobalt  acetate  hydrate  were  obtained  from  Vetec. 

The  nickel/cobalt  mixed  hydroxide  precursors  were  prepared  by 
dissolving  4.82  mmol  of  the  metal  acetates  in  25  mL  of  glycerin  and 
adding  9.64  mmol  of  KOH  in  n-butanol,  at  room  temperature.  Four 


samples  were  prepared  and  named  according  to  the  Ni:Co  molar 
ratio  as  follows:  Ni(OH)2,  NiCo-80:20,  NiCo-60:40  and  NiCo-50:50. 

X-ray  analyses  were  performed  using  a  Fligaku  Miniflex  powder 
diffractometer  equipped  with  a  Cu  Ka  radiation  source  (1.541  A, 
30  kV,  15  mA,  step  =  0.02°),  in  the  20  range  from  1.5  to  70°. 

Cyclic  voltammograms  (-0.15—0.44  V,  20  mV  s-1)  were 
registered  on  an  Autolab  PGSTAT30  potentiostat/galvanostat  using 
a  conventional  three  electrodes  arrangement  with  a  NiCo(OH)2 
modified  fluorine  doped  tin  oxide  (FTO)  as  working  electrode, 
a  coiled  platinum  wire  as  auxiliary  and  an  Ag/AgCl  (in 
1.0  mol  dm-3  KCl,  0.222  V  vs  SFIE)  reference  electrode,  using 
1.0  mol  dnrr3  KOH  as  electrolyte  solution. 

Electrochemical  quartz  crystal  microbalance  (EQCMB) 
measurements  were  carried  out  simultaneously  with  CV,  using  AT- 
cut  quartz  crystal  electrodes  (5  MHz,  25.4  mm  diameter,  working 
area  =  1.37  cm2)  covered  with  a  thin  platinum  layer,  and  a  Maxtek 
PM-710  equipment  coupled  with  the  Autolab  PGSTAT30  potencio- 
stat/galvanostat,  using  a  conventional  three  electrodes 
arrangement. 

FTO  glass  plates  were  carefully  washed  with  isopropanol  and 
water,  dried  in  air  and  modified  by  spin-coating  the  nickel/cobalt 
mixed  hydroxide  sol-gel  nanoparticle  precursors,  at  2500  rpm. 
These  electrodes  were  dried  under  vacuum  and  calcined  at  240  °C 
for  30  min.  The  specific  charge  capacities  per  gram  of  nickel  were 
determined  using  1.0  cm2  electrodes,  where  the  amounts  of  nickel 
and  cobalt  were  measured  by  ICP-AES  (Arcos-SOP  -  Spectro)  using 
the  solutions  obtained  by  dissolving  the  NiCo  hydroxide  films  with 
a  0.1  mol  dm-3  nitric  acid  solution,  from  the  working  electrodes 
after  700  cycles.  The  quartz  crystal  electrodes  were  modified  in 
a  similar  way,  except  for  the  exclusion  of  the  heat  treatment. 


3.  Results  and  discussion 

Mixed  alpha-NiCo(OH)2  sol-gel  precursors  (a-NiCo-80:20, 
a-NiCo-60:40  and  a-NiCo-50:50)  are  convenient  row  materials  for 
the  preparation  of  nanostructured  films  by  methods  as  simple  as 
dip-coating  and  spin-coating.  In  fact,  porous  films  constituted  by 
agglomerated  5-15  nm  nanoparticles,  resembling  sponge  like 
nanostructures,  were  obtained  in  all  cases.  A  typical  SEM  image  of 
a  NiCo-50:50  sample  is  shown  in  Fig.  1 A  where  the  particle  size  and 
morphology  are  clearly  depicted.  The  vacuum  dried  material  was 
stable  enough  to  be  washed  and  submitted  to  electrochemical 
cycling  without  significant  lixiviation  or  flaking,  but  the  calcined 
materials  are  more  stable  and  used  throughout,  except  for  the 


Fig.  1.  (A)  SEM  image  of  a  NiCo-50:50  electrode  calcined  at  240  °C,  and  (B)  XRD  of  the  nanostructured  nickel  and  cobalt  mixed  hydroxide  materials. 
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samples  for  EQCMB  measurements  which  were  not  submitted  to 
heat  treatment  to  avoid  damaging  the  quartz  crystal. 

The  polymorphic  phases  of  nickel  hydroxide  materials  can  be 
readily  distinguished  by  X-ray  diffractometry  (XRD)  by  evaluating 
the  inter-slab  distances  and  the  degree  of  organization  of  the 
lamella  along  the  crystallographic  c  axis.  The  disordered  turbos- 
tratic  structure  of  a-Ni(OH)2  presents  inter-slab  distances  higher 
than  about  8  A,  whereas  the  structure  of  the  beta  polymorph  is 
more  compact  and  organized  presenting  a  much  shorter  inter-slab 
distance  of  4.6  A. 

X-ray  diffractograms  of  Ni(OH)2,  NiCo-80:20,  NiCo-60:40  and 
NiCo-50:50  nanostructured  materials  are  shown  in  Fig.  IB.  Only  the 
003  peak  was  observed  in  the  low  angle  region  at  7.91°,  7.55°,  8.16° 
and  8.64°,  respectively  corresponding  to  inter-slab  distances  of  11.2, 
11.7, 10.9  and  10.3  A,  in  addition  to  lower  intensity  and  broadened 
101  (34.5°)  and  110  (60.3°)  peaks,  confirming  that  the  nano¬ 
structured  materials  are  constituted  by  rather  small  sized  crystal¬ 
lites  of  the  a-polymorph.  A  tendency  of  decrease  of  inter-slab 
distances  was  observed  as  a  function  of  cobalt  content,  but  no 
significant  shift  of  the  101  and  110  peaks  could  be  observed 
precluding  the  comparison  of  lattice  parameters.  However,  the 
substitution  of  Ni(II)  by  cobalt  ions  in  the  lattice  should  have  con¬ 
trasting  effects  depending  on  its  oxidation  state  and  extent  of 
substitution  since  Ni(II)  ionic  radii  (83  pm)  is  in  between  that  of 
Co(II)  and  Co(III)  (88.5  and  68.5  pm,  respectively). 

The  electrochemical  quartz  crystal  microbalance  (EQCMB) 
experiments  were  carried  out  to  shed  light  on  possible  structural 
changes  that  may  be  occurring  along  the  successive  charge/ 
discharge  processes.  This  technique  is  quite  sensitive  and  conve¬ 
nient  to  distinguish  the  alpha  and  beta  polymorphic  phases.  The  a- 
Nin(OH)2  is  characterized  by  a  positive  mass  change  whereas  the  (3- 
Nin(OH)2  shows  exactly  the  opposite  behavior  associated  with  the 
oxidation  process  but  the  mechanism  is  not  clearly  defined.  Eq.  (1 ) 
can  be  used  to  explain  that  behavior,  but  the  incorporation  of 
hydrated  cations  and  hydroxide  anion  concomitantly  with  the 
release  of  water  molecules  during  the  oxidation  process  have  also 
been  proposed  [23]. 

a  —  Ni(OH)2  •  H20  +  OH-  =  yNiOOH-  (H20)(1+x)  +  (1  -x)H20  +  e- 

a) 

A  typical  EQCMB  experiment  for  the  NiCo  nanomaterials  is 
illustrated  in  Fig.  2  where  the  results  for  the  NiCo-50:50  and  the 
simultaneously  measured  CVs  are  depicted.  The  oxidation  at 
£ap  =  +0.28  V  (Fig.  2A)  is  associated  with  a  positive  mass  change 
that  parallels  the  current  rise  in  the  respective  voltammogram, 
indicating  that  both  are  correlated  and  the  corresponding  cathodic 
wave  at  £cp  =  +0.23  V  is  associated  with  a  negative  mass  change,  as 
expected  for  nickel  hydroxide  nanomaterials  in  the  alpha  poly¬ 
morphic  phase.  Surprisingly,  the  charge  capacity  and  the  EQCMB 
profile  after  50  and  200  cycles  were  very  similar  clearly  reflecting 
the  electrochemical  stability  of  the  nanomaterial  (Fig.  2B). 

FTO  electrodes  modified  with  the  nanomaterials  were  prepared 
by  defining  1.0  cm2  areas  using  Scotch  tape,  depositing  the  mixed 
NiCo  hydroxide  sol-gel  nanoparticle  precursors,  drying  under 
vacuum  and  firing  at  240  °C.  The  CVs  (Fig.  3)  are  characterized  by 
low  intensity  redox  waves  that  become  well  defined  in  the 
0.2-0.4  V  range  after  about  ten  redox  cycles  for  electrode 
conditioning.  The  peak  currents  associated  with  the  Nin(OH)2/ 
NimOOH  redox  pair  increased  dramatically  while  small  shifts  on 
the  anodic  and  cathodic  peak  potentials  were  observed, 
indicating  an  increase  of  the  electroactive  sites  concentration  as 
a  function  of  the  number  of  successive  scans. 

The  voltammetric  behavior  of  the  thermally  treated  mixed 
hydroxides  was  strongly  dependent  on  the  amount  of  cobalt  ion 


E  /  (V  vs  Ag/AgCI) 


Fig.  2.  Cyclic  voltammogram  (black  line)  and  voltamassogram  (red  line)  of  a-NiCo- 
50:50  after  (A)  50  and  (B)  200  scan  cycles,  in  1  mol  dm-3  KOH  electrolyte  solution,  at 
20  mV  s_1.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  this  article.) 

present  in  the  nanomaterials  (Fig.  3A-D).  For  example,  the  £ap  and 
Fcp  of  pure  Ni(OH)2  were  found  respectively  at  +0.39  and  +0.30  V. 
However,  they  were  significantly  shifted  to  lower  potentials  as  the 
amount  of  cobalt  was  increased,  such  that  £ap  was  cathodically 
shifted  to  0.37,  0.31  and  0.29  V  respectively  after  incorporation  of 
20, 40  and  50%  of  cobalt  to  the  Ni(OH)2,  improving  the  reversibility 
and  decreasing  the  possibility  of  oxygen  gas  evolution  during  the 
charging  process.  Two  successive  CVs  were  always  superimposable, 
except  for  a  small  increase  in  current,  indicating  that  all  electro- 
chemically  active  sites  were  recovered  during  the  reduction 


0.0  0.1  0.2  0.3  0.4  0.0  0.1  0.2  0.3  0.4 

E  /V  vs  Ag/AgCI  E  /V  vs  Ag/AgCI 


Fig.  3.  Successive  cyclic  voltammograms  of  FTO  electrodes  modified  with  A)  Ni(OH)2, 
B)  a-NiCo-80:20,  C)  a-NiCo-60:40  and  D)  a-NiCo-50:50  and  submitted  to  heat  treat¬ 
ment  at  240  °C  for  30  min,  in  1  mol  dm-3  KOH  and  scan  rate  =  20  mV  s-1. 
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Fig.  4.  Plots  of  the  specific  charge  and  discharge  capacities  per  gram  of  nickel  of  FTO 
electrodes  modified  with  stabilized  pure  and  mixed  alpha  nickel  hydroxides 
(a-Ni(OH)2,  a-NiCo-80:20,  a-NiCo-60:40  and  a-NiCo-50:50),  fired  at  240  °C  for  30  min, 
as  a  function  of  the  number  of  consecutive  scan  cycles  in  1  mol  dm-3  KOH,  at 
20  mV  s_1. 

(discharge)  process  despite  the  slower  kinetics,  as  indicated  by  the 
less  intense  and  broader  cathodic  wave.  The  charge/discharge 
curves  become  more  symmetric  as  the  cobalt  content  was 
increased  (Figs.  3  and  4). 

The  Ni:Co  molar  ratios  in  the  modified  electrodes  were  deter¬ 
mined  before  (77.7:22.3,  56.4:43.6  and  47.3:52.7)  and  after  700 
redox  cycles  (79.0:21.0,  58.1:41.9  and  53.3:46.7),  and  the  specific 
charge  and  discharge  capacities  per  gram  of  nickel  were  evaluated 
from  the  amounts  of  charge  under  the  voltammetric  waves  (esti¬ 
mated  by  integration  of  CVs  in  Fig.  3)  and  the  respective  mass  of 
nickel  in  the  electrode  determined  by  ICP-AES.  It  should  be  noticed 
that  the  charge  capacity  of  the  pure  Ni(OFI)2  remained  more  or  less 
constant  (147  C  g-1(Ni))  whereas  those  of  mixed  hydroxides 
increased  progressively  as  a  function  of  the  number  of  successive 
charge/discharge  cycles,  reaching  limit  values  as  high  as  355,  714, 
and  609  C  g-1(Ni),  respectively  for  the  NiCo-80:20,  NiCo-60:40  and 
NiCo-50:50  nanomaterials,  after  700  cycles.  The  exception  seems  to 
be  the  NiCo-60:40,  which  should  reach  a  limit  value  as  high  as  five 
times  the  charge  capacity  of  a-Ni(OFI)2.  This  behavior  suggests  that 
the  diffusion  of  electrolyte  and  consequent  activation  of  nickel 
hydroxide  sites  is  somewhat  slower  in  this  material. 

Considering  nickel  hydroxide  as  electrochemically  active 
species,  the  coulombic  efficiencies  were  estimated  as  8.9,  21.6, 43.4 
and  37.0%,  respectively  for  a-Ni(OFI)2,  a-NiCo-80:20,  oc-NiCo-60:40 
and  a-NiCo-50:50,  indicating  that  almost  half  of  the  nickel 
hydroxide  sites  are  electrochemically  active.  These  results  are 
inconsistent  with  a  significant  increase  of  the  degree  of  crystallinity 
and  conversion  of  the  material  to  the  (3-phase  polymorph,  con¬ 
firming  the  electrochemical  stability  and  reversibility  of  the  mixed 
hydroxide  nanomaterials,  in  striking  contrast  with  previously 
reported  analogous  materials. 

4.  Conclusion 

Mixed  nickel  and  cobalt  hydroxide  nanomaterials  exhibiting 
enhanced  electrochemical  reversibility  and  specific  charge  and 
discharge  capacity  as  a  function  of  cobalt  molar  proportion  up  to 


50%  were  successfully  prepared  from  sol— gel  precursors.  Interest¬ 
ingly,  the  specific  charge  capacity  increased  progressively  until  up 
to  700  cycles  and  no  change  in  the  EQCMB  profile  was  observed 
confirming  their  high  structural  stability  in  the  alpha  polymorphic 
phase.  The  a-NiCo-60:40  showed  the  best  performance  exhibiting 
at  least  four  and  six  times  higher  specific  charge  capacity  than  pure 
oc-Nin(OFI)2  and  (3-Nin(OFI)2,  respectively.  Summarizing,  the  mixed 
hydroxide  nanomaterials  showed  superior  electrochemical  prop¬ 
erties  and  phase  stability  making  them  suitable  for  high  charge 
device  applications. 
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